We investigated the roles of catalase (CAT) in abscisic acid (ABA)-induced stomatal closure using a cat2 mutant and an inhibitor of CAT, 3-aminotriazole (AT). Constitutive reactive oxygen species (ROS) accumulation due to the CAT2 mutation and AT treatment did not affect stomatal aperture in the absence of ABA, whereas ABA-induced stomatal closure, ROS production, and [Ca 2þ ] cyt oscillation were enhanced.
In higher plants, guard cells regulate stomatal aperture in response to numerous environmental stimuli. 1, 2) Abscisic acid (ABA) induces stomatal closure through hydrogen peroxide (H 2 O 2 ) production associated with cytosolic free Ca 2þ concentration ([Ca 2þ ] cyt ) oscillation. [3] [4] [5] Catalase (CAT) is a major enzyme in the detoxification of H 2 O 2 in cells. In Arabidopsis, three CAT genes, CAT1, CAT2, and CAT3, and six enzymatically distinguishable isoforms have been identified. 6) The enzyme activity and expression levels of CAT2 are highest among CATs in the leaves. 7) In this study, we investigated the roles of CAT in ABA-induced stomatal closure using the cat2 mutant and an inhibitor of CAT, 3-aminotriazole (AT).
Arabidopsis thaliana wild-type (WT) (ecotype Columbia-0) and cat2 (salk 076998) plants, and Yellow Cameleon 3.6 (YC3.6)-expressing transformants were grown as previously described. 5, 8) The stomatal aperture was measured as reported elsewhere. 5, 9) Each data point was obtained from more than 60 stomatal aperture measurements. CAT activity measurement was carried out as previously described. 10) Reactive oxygen species (ROS) production in guard cells was examined with 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCF-DA). 5, 9, 11) [Ca 2þ ] cyt oscillation in the guard cells was analyzed using the fluorescent resonance energy transfer (FRET)-based Ca 2þ sensor, YC3.6, as previously described.
12) The dual emission ratio at 480 nm and 535 nm was measured, and a fluctuation of the ratio larger than 0.1 was counted as oscillation.
CAT activity in the WT and cat2 leaves was 206:9 AE 8:69 units/mg protein (n ¼ 3) and 79:7 AE 7:21 units/mg protein (n ¼ 3) respectively (Fig. 1A) . The CAT2 mutation reduced CAT activities by 61.5% (p < 10 À5 ), indicating that CAT2 contributes mainly to activity in leaves. This is consistent with the results of a previous study. 7) In the absence of ABA, the ROS level in the cat2 guard cells was higher than in WT (p < 10 À5 ) (Fig. 1C ), while no significant difference was observed in stomatal aperture between WT and cat2 (p ¼ 0:689) (Fig. 1B) . When treated with ABA, ROS production was induced in WT (p < 10 À3 ) and the cat2 (p < 10 À4 ) guard cells (Fig. 1C) . ABA induced stomatal closure in cat2 to a greater extent than in WT (p ¼ 0:03) (Fig. 1B) . ABAinduced ROS generation involves NADPH oxidases associated with plasma membrane in guard cells, 13) but our results do not entirely rule out the possibility of ROS migration from neighbor cells. It has been suggested that H 2 O 2 formed from extracellularly generated superoxide by NADPH oxidase enters to increase cytosolic ROS in the cell in response to ABA. 14) To assess the role of CAT further, the effects of AT were examined. AT treatment reduced CAT activity in WT leaf extracts by 84.8% (p < 10 À6 ) (Fig. 1D ). Accordingly, a higher level of H 2 O 2 accumulation was observed in the AT-treated guard cells (p < 10 À5 ) (Fig. 1F ). On the other hand, the apertures of the ATtreated plants were comparable to control (p ¼ 0:57) (Fig. 1E) . AT treatment significantly enhanced ABAinduced stomatal closure (p ¼ 0:002) (Fig. 1E) . The results obtained in the AT-treatment experiments were in an excellent agreement with those for cat2 mutant experiments.
The elevation of the constitutive ROS accumulation level by the CAT2 mutation and by AT treatment did not affect the stomatal aperture in the absence of ABA as far as could be observed (Fig. 1) , whereas inducible ROS accumulation might have potentiated ABA-induced stomatal closure (Fig. 1) . These results suggest that there is a tight link between ABA-induced stomatal closure and inducible ROS production rather than constitutive ROS accumulation, but it was thought that our conclusion would be supported by other experiments due to the 8% increase in the ROS level in the ABA untreated cat2 plants as compared to the ABA nontreated wild type (Fig. 1C) . In order to confirm our Fig. 2A and  D) . A significantly higher frequency of [Ca 2þ ] cyt oscillation was initiated by ABA in cat2 (n ¼ 25 of 28 cells) and the AT-treated guard cells (n ¼ 23 of 26 cells) (Fig. 2B, C, E, and F 3,4) In this study, it was observed that suppression of CAT activity enhanced ABA-induced stomatal closure and [Ca 2þ ] cyt oscillation. This suggests a tight link to inducible ROS production in the regulation of I Ca channels in the ABA response of guard cells.
